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Endothelial cell (EC) activity is essential for tissue regeneration
in several (patho)physiological contexts. However, our capacity
to deliver in vivo biomolecules capable of controlling EC fate is
relatively limited. Here, we screened a library of microRNA
(miR) mimics and identified 25 miRs capable of enhancing
the survival of ECs exposed to ischemia-mimicking conditions.
In vitro, we showed that miR-425-5p, one of the hits, was able to
enhance EC survival and migration. In vivo, using a mouse
Matrigel plug assay, we showed that ECs transfected with
miR-425-5p displayed enhanced survival compared with
scramble-transfected ECs. Mechanistically, we showed that
miR-425-5p modulated the PTEN/PI3K/AKT pathway and in-
hibition of miR-425-5p target genes (DACH1, PTEN, RGS5,
and VASH1) phenocopied the pro-survival. For the in vivo de-
livery of miR-425-5p, we modulated small extracellular vesicles
(sEVs) withmiR-425-5p and showed, in vitro, thatmiR-425-5p-
modulated sEVs were (1) capable of enhancing the survival of
ECs exposed to ischemia-mimic conditions, and (2) efficiently
internalized by skin cells. Finally, using a streptozotocin-
induced diabetic wound healing mouse model, we showed
that, compared with miR-scrambled-modulated sEVs, topical
administration of miR-425-5p-modulated sEVs significantly
enhanced wound healing, a process mediated by enhanced
vascularization and skin re-epithelialization.

INTRODUCTION
A complex interplay between cellular andmolecular players, acting in a
spatial-temporal controlled manner, is critical for tissue regeneration.1

Angiogenesis, the physiological process through which new blood ves-
sels form from pre-existing vessels, is an important mechanism in
Molecular T
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wound regeneration. Unfortunately, aging and metabolic diseases
negatively affect angiogenesis, ultimately compromising wound regen-
eration. Endothelial cells (ECs) are the main players in angiogenesis
and, thus, impairment of EC function and/or number in wounds leads
to a concomitant reduction in neovascularization. Hence, pro-angio-
genic and/or pro-survival signals specifically directed toward ECs are
crucial to enhance wound vascularization.

Given the multifactorial nature of the neovascularization process, mi-
croRNAs (miRs) emerged as a novel therapeutic target to enhance
vascularization.2 miRs are a class of small, single-stranded, non-cod-
ing RNA (2025 nucleotides) that repress the expression of target
messenger RNA (mRNA) by base pairing, with perfect or imperfect
complementarity sequences, at the 3 UTR. The sequence of two to
eight nucleotides at the 5 end of the miR, called the seed sequence,
is normally sufficient to direct it to its target, where it will inhibit
translation or promote its degradation. Since as few as seven comple-
mentary nucleotides are needed to bind to the target, one miR can
modulate thousands of different targets, and this multi-targeting
herapy: Nucleic Acids Vol. 28 June 2022 ª 2022 The Authors. 307
ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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potential can be harnessed for therapeutic interventions where simul-
taneous modulation is needed.3,4

Several miRs have been reported to control EC activity and/or func-
tion. For example, we have shown that inhibition of 14q32 miRs miR-
329, miR-487b, miR-494, and miR-495 increased neovascularization
and blood flow recovery after ischemia.5 Moreover, it has been shown
that downregulation of miR-200b, specifically in ECs, accelerated
wound angiogenesis in a process partially mediated by modulation
of vascular endothelial growth factor (VEGF) signaling.6 In addition,
the inhibition of miR-92a, a miR belonging to the miR-17–92 cluster,
highly expressed in EC and previously reported as critical for angio-
genesis, enhanced the regeneration of wounds in diabetic mice by
improving proliferation and angiogenesis.7,8 In diabetic mice (db/
dbmice), topical administration of miR-27b enhanced wound healing
by, at least partially, increasing wound vascularization.9 Moreover,
the inhibition of miR-26a, highly expressed in wounds of db/db
mice, led to a significant increase in wound vascularization (>80%
compared with control) and ultimately accelerated wound closure.10

Furthermore, in the same animal model, it was shown that wounds
treated with a miR-210 inhibitor closed 4 days earlier than untreated
wounds, partially by increasing proliferation and vascularization.11

Unfortunately, our knowledge about miRs able to interfere with EC
survival is limited,12,13 and this is important in the context of skin
wound healing since ECs are critical for neovascularization after the
inflammatory phase.1

A separate challenge regarding the use of miRs for skin wound healing
relates to their delivery. Indeed, in vivo miR delivery remains chal-
lenging owing to (1) fast clearance from circulation, (2) poor cellular
uptake, and (3) limited capacity to escape the endo-lysosomal
compartment and reach the cytoplasm where their processing ma-
chinery and target(s) are present. Encapsulating and/or conjugating
miRs in nanocarriers is a strategy commonly used to protect miRs
from degradation, increase their half-life and, by tailoring the nano-
carrier, endow the user with countless possibilities to control the de-
livery in a spatial-temporal manner.14 Small extracellular vesicles
(sEVs), vesicles with a diameter �100 nm and secreted by virtually
every cell within the body, are key mediators of intercellular
communication.15,16 The innate capacity of sEVs to transfer biomol-
ecular information between cells in a paracrine and/or endocrine-like
manner has been exploited as a standalone therapy as well as for drug
delivery applications. For example, atorvastatin-treated mesenchymal
stromal cells secreted sEVs containing pro-angiogenic factors, namely
miR-221-3p, that activated AKT/eNOS pathway and ultimately
enhanced wound closure in diabetic rats by increasing angiogenesis.17

In addition, the electroporation of sEVs with miR-21-5p has been re-
ported to accelerate diabetic wound healing by increasing angiogen-
esis and vessel maturation.18 However, the best strategy to load a
miR of interest in sEVs is still disputable. Recently, we compared
the efficiency of different methodologies to load a miR of interest
into sEVs isolated from several sources and showed that, in the con-
ditions tested, a chemical strategy based on the transfection agent
Exo-Fect was superior to other methods, including the transfection
308 Molecular Therapy: Nucleic Acids Vol. 28 June 2022
of sEV-secreting cells or the post-isolation modulation of sEVs by
methods such as electroporation, heat-shock, detergent-based perme-
abilization or conjugation of miRs with cholesterol.19

In the current study, we identified miRs capable of enhancing the sur-
vival of ECs cultured in ischemia-mimicking conditions and devel-
oped an efficient strategy to load these miRs in sEVs for their in vivo
delivery. Initially, we screened a library of 2,080 human miR mimics
and identified 15 miRs (eight previously known and seven not previ-
ously identified as pro-survival miRs) that significantly increased the
survival of ECs in ischemia-mimicking conditions. Subsequently, we
selected two miRs (miR-425-5p and miR-5692c) to investigate their
role in EC migration and angiogenesis and studied their mechanism
of action. Next, we investigated the role of one of the miRs (miR-425-
5p; conserved between species) in the survival of ECs transplanted
in vivo. Finally, we developed a platform for the in vivo delivery of
one of the miRs using sEVs and evaluated their effect in a diabetic
wound healing animal model. Our results indicate that the topical de-
livery of an EC pro-survival miR using sEVs significantly accelerated
wound closure through enhanced vascularization and re-epithelial-
ization of the wound area.

RESULTS
Identification of pro-survival miRs using high-content screening

assay

For the identification of pro-survival miRs, we used human CD34+

cell-derived outgrowth endothelial progenitor cells.20 These cells
directly participate in tubulogenesis21 and their neovascularization
potential has been demonstrated in pre-clinical tests using different
animal models of hindlimb ischemia and diabetic chronic wounds,
among others.22–26 A library containing 2,080 human miR mimics
was screened to identify miRs capable of enhancing the survival of
CD34+-derived ECs in ischemic conditions (EBM-2 and 0.1% O2)
(Figure 1A). Twenty-five miRs were identified as pro-survival miRs
based on the criteria described (see section “materials and methods”)
(Figure 1B and Table S2). To validate the results of the primary
screening, we performed a secondary screening using the same
experimental conditions but now with three technical replicates per
miR. Based on a statistically significant difference between the
selected miR and Lipofectamine-treated cells, we were able to confirm
the pro-survival effect of 15 miRs: miR-26a-5p, miR-642a-3p, miR-
425-5p, miR-26b-5p, miR-199-3p, miR-380-3p, miR-5692c, miR-
4695-5p, miR-3147, miR-3164, miR-32-3p, miR-4713-5p, miR-638,
miR-4253, and miR-3171 (Figure 1C and Table S3).

Effect of miR-425-5p and miR-5692c on EC functionality

From the list of confirmed pro-survival miRs, we selected two miRs
for further analysis: miR-425-5p and miR-5692c. These miRs have
not been described as EC pro-survival miRs. For both miRs, we first
selected the concentration necessary to elicit a pro-survival effect
using three EC models: CD34+-derived ECs, human umbilical vein
ECs (HUVECs), and human umbilical arterial endothelial cells
(HUAECs). Our results showed that, except in the case of miR-425-
5p in HUAECs, for both miRs, a concentration of 25 nM led to a



Figure 1. HCS assay

(A) Schematic overview of the HCS assay implemented to identify EC pro-survival miRs. CD34+-derived ECs, cultured in EGM-2 medium, were transfected for 48 h with a

library of 2,080 humanmiRmimics using Lipofectamine RNAiMAX. Subsequently, the transfection mediumwas replaced by EBM-2medium and the cells were transferred to

a hypoxia chamber (0.1% O) and cultured for further 48 h, upon which nuclear staining was performed and images acquired using a high-content microscope. Per plate,

Lipofectamine-treated cells were used as a control. (B) Primary screening results. The screening was repeated twice using two different donors. Data points in the graph

represent the mean of both replicates relative to Lipofectamine. Blue dots denote miRs previously associated with survival, whereas orange dots denote miRs not previously

associated with survival. (C) Secondary screening results. Cell survival was evaluated by counting the number of cells that survived in ischemic conditions for 48 h. The results

were normalized by Lipofectamine-treated cell condition. Bordeaux bars represent miRs previously associated with enhanced survival, whereas orange bars represent miRs

not previously described as pro-survival miRs. Data points in the graph represent themean ± SD (n = 3 technical replicates per condition). Statistical differencewas calculated

by a one-way ANOVA test followed by Tukey0s multiple comparison test. *p < 0.05. (D) Effect of miR-425-5p and miR-5692c in the migration of CD34+-derived ECs cultured

under normoxia or hypoxia (0.1% O2) conditions (see section “materials and methods”). Medium containing VEGF165 was used as positive control. Per experimental con-

dition, the wound area was determined using the following formula: (wound size after 24 h/wound size at 0 h)� 100. Statistical analyses were performed by one-way ANOVA

followed by a Tukey0s multiple comparison test. ***p < 0.001 and ****p < 0.0001. Results are presented as mean ± SD (n = 3 biological replicates, each biological replicate

containing three technical replicates).
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statistically significant increase in EC survival upon exposure to
ischemic conditions (Figure S1). Next, we confirmed that, upon trans-
fection of CD34+-derived ECs with miR-425-5p or miR-5692c, the
endothelial phenotype was maintained. Western blot analysis and
immunocytochemistry (ICC) showed that, upon transfection, the
expression of VE-cadherin was maintained and, as expected, localized
at the cell membrane (Figure S2). Finally, we performed a migration
and angiogenesis assay on CD34+-derived ECs, HUVECs, and
HUAECs transfected with 25 nMmiR-425-5p or miR-5692c. Our re-
sults showed that miR-425-5p improved wound closure, in a statisti-
cally significant manner, solely on CD34+-derived ECs, independent
of the culture conditions (hypoxia or normoxia). In contrast, miR-
5692c improved wound closure, in a statistically significant manner,
in all conditions regardless of the EC phenotype and the culture con-
ditions (hypoxia or normoxia) (Figure S3). In contrast with the results
obtained for the migration, our results showed that neither miR-425-
5p nor miR-5692c led to a statistically significant increase in the num-
ber of tube-like structures, i.e., a marker of angiogenesis, compared
with Lipofectamine-treated cells. In fact, regardless of the culture con-
ditions, HUAECs transfected with miR-5692c showed a statistically
significant reduction in the number of tube-like structures compared
with Lipofectamine-treated cells (Figure S4). Overall, our results indi-
cate that both miR-425-5p and miR-5692c significantly increase EC
survival in ischemic conditions and enhanced ECmigration, the latter
being dependent on the miR, culture conditions and EC phenotype.
Compared with control, both miR-425-5p and miR-5692c had no
positive effect in angiogenesis as evaluated by a Matrigel tube forma-
tion assay.

miR-425-5p and miR-5692c mechanism of action

To unravel the pro-survival mechanism of action of miR-425-5p and
miR-5692c, we performed RNA sequencing (RNA-seq) and in silico
target prediction analysis. First, hierarchical clustering and principal
component analysis (PCA) was performed on the list of differentially
expressed genes (DEGs) (miR-425-5p versus Lipofectamine, 1,292
DEG, 528 upregulated and 764 downregulated; miR-5692c, 1,384
DEG, 579 upregulated and 805 downregulated; Tables S4 and S5,
respectively) and showed that, despite eliciting the same biological
response (enhancing the survival of ECs), the transcriptome of
miR-425-5p- and miR-5692c-transfected ECs was significantly
different from the control as well as between both miRs
(Figures 2A, 2B, and S5). Next, we used Gene Ontology (GO) enrich-
ment analysis to identify the main biological processes and signaling
pathways modulated by bothmiRs. In the case of miR-425-5p, the top
5 signaling pathways (influenza A, herpes simplex infection, tumor
necrosis factor [TNF] signaling pathway, measles, and antigen pro-
cessing and presentation) and biological processes (type I interferon
signaling pathway, defense response to virus, interferon-gamma-
Figure 2. RNA-seq analyses

CD34+-derived ECs were transfected for 48 h with 25 nM miR-425-5p or miR-5692c u

library was prepared to perform RNA-seq. Hierarchical clustering (A), PCA analysis (B) an

5p, a total of 1,292 genes was used, 528 upregulated and 764 downregulated, wherea

regulated).
mediated signaling pathway, negative regulation of viral genome
replication, and response to virus) suggested that an inflammatory
program has been activated upon transfection (Figure 2C;
Table S6). Interestingly, in the case of miR-5692c, the top five biolog-
ical processes were similar to miR-425-5p, as were three of the top five
pathways (influenza A, herpes simplex infection, and TNF signaling
pathway), again suggesting an inflammatory signature elicited by
the transfection of cells with miR-5692c (Figure 2C; Table S7).

Next, we set out to identify the putative targets of miR-425-5p and
miR-5692c. To select the genes of interest for further validation, we
used three separate strategies (Figure 3A). In strategy 1, we intersected
the list of differentially expressed downregulated genes obtained by
RNA-seq with the list of genes retrieved from miRWalk (136 genes
for miR-425-5p and 43 genes for miR-5692c; Tables S8 and S9,
respectively) and selected a list of seven genes that were common to
both miRs (Table S10), which, upon literature mining for their
involvement on cell survival, was reduced to four genes used for
further validation: RGS5, AIF1L, BCL2L11, and CBX5. For strategy
2 and 3, we only focused on miR-425-5p since it was the only miR
conserved in different species. In strategy 2, from the list of downre-
gulated genes obtained in strategy 1 (after merging the downregulated
genes from RNA-seq with the miRWalk list, a total of 136 downregu-
lated genes for miR-425-5p), we selected the genes with a log2 fold
change (FC) < 2 (17 genes in total; Table S8) and, upon literature min-
ing, we selected four out of 17 genes for further validation: DACH1,
CMTM3, VASH1, and CADM4. Finally, in strategy 3, we retrieved
from the literature a list of genes validated as direct targets of miR-
425-5p and described as having a role in cell survival, regardless of
the cell type (14 genes in total; Table S11). For these 14 genes, we
analyzed the average expression (fragments per kilobase of transcript
per million mapped reads [FPKM]) in our RNA-seq dataset and, after
excluding genes with an expression level higher in miR-425-5p than
the control and genes with an FPKM <10 in the control group, we
selected three genes for further validation: PDCD10, ADAM9, and
PTEN. Thus, the final list for validation by RT-PCR comprised 11
genes: RGS5, AIF1L, BCL2L11, CBX5, DACH1, CMTM3, VASH1,
CADM4, PDCD10, ADAM9, and PTEN. Our validation by qPCR
analysis showed a statistically significant difference between miR-
425-5p-transfected ECs and the control solely for CADM4, CBX5,
CMTM3, DACH1, PTEN, RGS5, and VASH1 (Figure 3B) but no dif-
ferences for ADAM9, AIF1L, BCL2L11, and PDCD10 (Figure S6A).

To functionally validate the pro-survival role of these genes, we
knocked down each of them using short interfering RNA (siRNA)
and analyzed their effect on cell survival using the same experimental
conditions described for the primary screening. Our results showed
that inhibition of DACH1, PTEN, RGS5, and VASH1 enhanced the
sing Lipofectamine RNAiMAX. After 48 h cells were lysed, total RNA isolated and a

d gene enrichment analysis (C) were performed using the list of DEGs (for miR-425-

s for miR-5692c a total of 1,384 genes was used, 579 upregulated and 805 down-
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Figure 3. Mechanism of action of miR-425-5p and miR-5692c

(A) Overview of the three strategies used to identify 11 putative targets of miR-425-5p andmiR-5692c. (B) Validation of miR-425-5p putative target genes. qRT-PCR analyses

confirmed the downregulation of seven of the 11 putative target genes upon transfection of CD34+-derived ECs for 48 h with 25 nMmiR-425-5p. Results are mean ± SD (n =

1 biological replicate, each biological replicate containing three independent technical replicates). Statistical analysis was performed by an unpaired t test. LF, Lipofectamine.

(C) Demonstration of the importance of the molecular targets for the pro-survival mechanism of miR-425-5p. CD34+-derived ECs were transfected, for 48 h, with different

concentrations of siRNAs targeting the putative targets of miR-425-5p. Subsequently, the transfection medium was replaced by EBM-2 medium and the cells were trans-

ferred to a hypoxia chamber (0.1% O2) and cultured for further 48 h, upon which nuclear staining was performed and images acquired using a high-content microscope.

Lipofectamine-treated cells were used as a control. Statistical analyses were performed by one-way ANOVA followed by a Tukey’s multiple comparison test. Results are

(legend continued on next page)
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survival of CD34+-derived ECs in at least two of the concentrations
tested, whereas inhibition of CADM4 and CBX5 was less robust
(the effect was only observed for one of the concentrations tested,
which can be, at least partially, attributed to the limited knockdown
efficiency) (Figures 3C, S6B, and S6C). Altogether, our transcriptomic
results showed that miR-425-5p and miR-5692c induced an inflam-
matory program in ECs and the pro-survival effect was mediated
by the regulation of PTEN, DACH1, RGS5, and VASH1.
PTEN is a direct target of miR-425-5p and miR-5692c

Given the well-described role of PTEN in cell survival,27 we
confirmed, as predicted, that miR-425-5p and miR-5692c directly
interact with the 30 UTR from PTEN mRNA (Figure S7) and that
PTEN protein levels were downregulated upon transfection with
both miRs. To demonstrate that miR-425-5p and miR-5692c inter-
acted with the 30 UTR of PTEN mRNA, we used a luciferase-based
reporter assay consisting of a constitutive promoter driving the
expression of luciferase and a fragment of the 30 UTR of PTEN
mRNA cloned downstream of the luciferase gene. Our results showed
a statistically significant inhibition of luciferase expression upon
transfection with miR-26a-5p, a miR known to interact with the 30

UTR of PTEN mRNA. Moreover, a similar inhibition was observed
upon transfection of miR-425-5p and miR-5692c, confirming a direct
interaction of both miRs with the 30 UTR of PTEN mRNA (Fig-
ure 3D). Next, we evaluated if the direct interaction of miR-425-5p
and miR-5692c with the 30 UTR PTEN mRNA led to a reduction in
PTEN protein levels. Western blot analysis confirmed the downregu-
lation of PTEN protein upon transfection of CD34+-derived ECs with
bothmiRs (Figure 3E). Our results further showed that transfection of
CD34+-derived ECs with miR-425-5p and miR-5692c significantly
increased AKT phosphorylation compared with Lipofectamine-
treated cells (Figure 3F). Moreover, upon transfection of CD34+-
derived ECs with miR-425-5p and miR-5692c, there was a significant
increase in the phosphorylation of ERK1/2 (Figure 3G). Based on
these results, we concluded that inhibition of PTEN by miR-425-5p
or miR-5692c led to an increase in the survival of CD34+-derived
ECs in ischemic conditions, at least partially, by increasing the phos-
phorylation of AKT and ERK1/2, both well-recognized pro-survival
pathways.
miR-425-5p enhanced the survival of ECs in an in vivo Matrigel

plug assay

In contrast to miR-5692c, miR-425-5p is conserved throughout
different species and was thus selected for further in vivo studies.
To test whether the transfection of ECs with miR-425-5p enhanced
their survival in vivo, we used the in vivo Matrigel plug assay in
presented asmean ±SD (n = 2 biological replicates; each biological replicate containing

miR-425-5p and miR-5692c. Luciferase reporter assay confirmed a direct interaction b

fected solely with the reporter were used as control. Results are mean ± SD (n = 6 ind

test. (E–G) Activation of pro-survival signaling pathways (E) PTEN, (F) AKT, and (G) ER

as confirmed by Western blot analyses. Lipofectamine-treated cells were used as a co

three biological replicates with two technical replicates. Statistical analyses were perform

**p < 0.01, ***p < 0.001, and ****p < 0.0001.
mice (Figure 4A). Firstly, we showed that 24 h after transfection of
ECs with 25 nMmiR-425-5p there was a statistically significant upre-
gulation (>30,000 FC) in the expression of miR-425-5p compared
with miR-scramble-transfected ECs (Figure S8A). Secondly, miR-
425-5p- or miR-scramble-transfected ECs were mixed in a Matrigel
plug and transplanted into the back of immunodeficient mice for
3 days. Our results showed that, compared with miR-scramble-trans-
fected ECs, miR-425-5p-transfected ECs displayed a statistically
significant (1) increase in the number of viable ECs (CD105+CD144+

CD31+), and (2) decrease in the number of apoptotic ECs (Annexin
V+ CD105+CD144+CD31+) cells (Figures 4B and S8B). Finally,
compared with miR-scramble-transfected ECs, we showed a statisti-
cally significant increase in the number of human CD31+ cells per
area in the plugs of animals that were transplanted with miR-425-
5p-transfected ECs (Figure 4C). Overall, our results showed that,
similar to the results obtained in vitro, transfection of ECs with
miR-425-5p enhanced their survival in an in vivoMatrigel plug assay.
Modulation of sEVs with miR-425-5p

Upon confirming the in vivo pro-survival effect of miR-425-5p in
ECs, we evaluated its functional role in a type I diabetic wound heal-
ing mouse model. Diabetes is associated with impaired peripheral
vasculature due to the presence of dysfunctional ECs.28–30 One of
the current approaches for treating diabetic ulcers is to restore the
blood supply to the affected area, which requires an induction of
EC survival, migration, and proliferation.31 First, we showed that
miR-425-5p was downregulated in wounds, both in wild type (WT)
as well as a streptozotocin (STZ)-induced diabetic wound healing
mouse model (Figure S9A). Next, we showed that topical administra-
tion of 200 pmol of miR-425-5p using RNAiMax (delivered immedi-
ately after wound induction) led to an acceleration in wound closure
during a period of 10 days, with a statistically significant difference at
days 3, 5, and 7 (Figure S9B). Based on these observations, and
considering the translational potential of this therapy, we decided
to explore the possibility of using sEVs as a delivery vehicle for
miR-425-5p. We used sEVs secreted from human umbilical cord
blood mononuclear cells (hUCBMNCs) because these cells are easily
obtained from multiple stem cell banks and previous studies have
demonstrated the regenerative potential of sEVs secreted from these
cells in the context of diabetic wound healing.32 sEVs were isolated
from hUCBMNC using a standard differential ultracentrifugation
protocol32 followed by their characterization by transmission electron
microscopy (TEM), nanoparticle tracking analysis (NTA), and
phase analysis light scattering (PALS) analyses. Our results demon-
strated the presence of extracellular vesicles (EVs) with size
(�115 nm) and shape (cup-like) compatible with those of sEVs
three independent technical replicates). (D) Confirmation of PTEN as a direct target of

etween miR-425-5p and miR-5692c with the 30 UTR of PTEN mRNA. Cells trans-

ependent technical replicates). Statistical analysis was performed by an unpaired t

K1/2 after the transfection of CD34+-derived ECs with miR-425-5p or miR-5692c,

ntrol. GAPDH was used as a loading control. Bars represent mean ± SD of at least

ed by a one-way ANOVA followed by a Tukey’s multiple comparison test. *p < 0.05,
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Figure 4. In vivo validation of the pro-survival effect of miR-425-5p

(A) Schematic overview of the in vivo Matrigel plug assay. HUVECs were transfected with 25 nM miR-425-5p for 48 h. After transfection, cells were mixed with Matrigel

(2 � 106 cells/plug) and transplanted into the back of immunodeficient mice for 3 days (two plugs per mouse). After 3 days, animals were sacrificed, plugs retrieved, and

half of the plug was processed for immunohistochemical analyses, whereas the other half was digested to obtain a single-cell suspension. Results are mean ± SD (n = 5

animals/group; two plugs per animal). Statistical analysis was performed by an unpaired t test. **p < 0.01, ***p < 0.001, and ****p < 0.0001. (B) Total number of viable cells,

total number of human ECs (based on the expression of specific surface markers such as CD105, CD144, and CD31), and percentage of apoptotic human ECs (based on

Annexin V staining) were analyzed. (C) The expression of CD31 was quantified in the plugs retrieved from the animals and the total area of CD31 was quantified. Results are

mean ± SD (n = 5 animals/group; two plugs per animal). Statistical analysis was performed by an unpaired t test. ***p < 0.001.
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(Figures S10A–S10C). Next, sEVs were modulated with miR-425-5p
or miR-scramble using Exo-Fect,19 and our results showed a statisti-
cally significant increase in the expression of miR-425-5p in modu-
lated versus native EVs (>30,000 upregulation; Figure S10D). Similar
to the results obtained upon transfection of ECs with miR-425-5p us-
ing RNAiMax, treatment of ECs with miR-425-5p-modulated sEVs,
but not native sEVs, enhanced the survival of ECs exposed to ischemic
conditions (Figure S10E). Overall, our results showed that miR-425-
5p is downregulated in diabetic and non-diabetic wound healing and
that the topical delivery of miR-425-5p by Lipofectamine accelerated
healing. Furthermore, we showed that sEVs may be modulated with
miR-425-5p and the miR-425-5p-modulated sEVs were able to
enhance the survival of ECs exposed to ischemic conditions.
Uptake and intracellular trafficking of sEVs enriched with miR-

425-5p by skin cells

The internalization of native and miR-425-5p-modulated sEVs was
performed in cell types known to play a role in wound healing: kera-
tinocytes, ECs, and fibroblasts (Figures 5 and S11). For this purpose,
sEVs were labeled with PKH67, a fluorescent membrane amphiphilic
dye commonly used to label sEVs.33,34 Previous results obtained by us
indicated that PKH67 did not fluoresce in the absence of sEVs and
that the presence of Exo-Fect in the sample did not alter sample fluo-
rescence, prior to cell administration.19 Herein we showed that both
PKH67-labeled native and miR-425-5p-modulated sEVs were highly
(more than 90% of the cells had sEVs after 24 h) taken up by all the
three cell types (Figures 5B and S11). In addition, the internalization
of miR-425-5p-modulated sEVs was faster in fibroblasts and kerati-
nocytes than ECs but reached a similar steady state at 24 h for all
the cell types (Figure 5B). Moreover, although the number of ECs
transfected with sEVs at 2 and 4 h was lower than the other cell types,
the number of sEVs per cell was larger in ECs (see the fluorescence
intensity in Figure S11). Finally, our results showed that, for all three
cell types, the internalization of miR-modulated sEVs was higher than
native sEVs, particularly after 2 or 4 h of exposure.

To further confirm the cellular uptake and evaluate the intracellular
trafficking of native and miR-modulated sEVs, we performed
confocal microscopy. ECs were incubated with PKH67-labeled native
or miR425-5p-transfected sEVs for 4 and 24 h and subsequently the
cells were labeled with 4’,6-diamidino-2-phenylindole (DAPI)
(nuclei), CD31 (endothelial cell membrane), and LysoTracker red
(lysosomes). sEV internalization was evaluated by the number of
ECs that had sEVs (green fluorescence) relative to the total number
Figure 5. Uptake and intracellular trafficking of native and miR-modulated sEV

(A) Schematic overview of the assays performed to study the uptake and internalization o

(B) Cellular uptake of PKH67-labeled sEVs loaded with miR-425-5p. Keratinocytes,

modulated sEVs for 2, 4, and 24 h and the cellular uptake was evaluated by flow cytom

evaluated by a two-way ANOVA followed by a Bonferroni post test. *p < 0.05, ***p < 0.0

for 4 and 24 h and analyzed by confocal microscopy (C.1). The percentage of co-local

dolysosomal compartment) was quantified (C.2) and the foci number and distribution me

each replicate, four images were taken for quantification purposes). Statistical analysis

responds to 50 mm.
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of cells labeled with CD31 (Figure 5C). Approximately 77% of ECs
internalized miR-425-5p-modulated sEVs after 2 h, while only 64%
internalized native sEVs. In addition, cells treated with miR-425-
5p-modulated sEVs had higher fluorescence than cells treated with
native sEVs, indicating that the number of sEVs per cell was higher
in miR-425-5p-modulated sEVs (Figure 5C). Our results further
showed that the co-localization between labeled sEVs and the lyso-
somal compartment (Lysotracker+ compartment) was similar at 4 h
and slightly higher for miR-425-5p-modulated sEVs than native
sEVs at 24 h. These results demonstrated that a significant percentage
of native and miR-425-5p-modulated sEVs were within the cell. Alto-
gether, our results showed that miR-425-5p-modulated sEVs were
internalized by the three skin cell types tested (i.e., ECs, fibroblasts,
and keratinocytes), although with differences in terms of kinetics
and number of sEVs per cell. In addition, compared with native
sEVs, our miR-425-5p-modulated sEVs were more efficiently inter-
nalized by all cell types.
Bioactivity of sEVs enriched with miR-425-5p in a diabetic skin

wound animal model

To evaluate the functional role of miR-425-5p-modulated sEVs in the
STZ-induced diabetic wound healing mouse model, we topically
administered, bidaily, miR-425-5p- or miR-scramble-modulated
sEVs (per day: 0.2 mg of sEVs transfected with 4 pmol of miR-425-
5p or miR-scramble) on the wounds (Figure 6A). Our results showed
that miR-425-5p-modulated sEVs significantly accelerated wound
closure during a period of 10 days, with a statistically significant dif-
ference at days 3, 5–7, and 9 (Figure 6B). At days 2 and 5, there was a
statistically significant increase in the expression of miR-425-5p in the
wound area compared with the control (miR-scramble-treated
wounds; Figure 6C). Importantly, at day 5, our results showed a sta-
tistically significant increase in the number of CD31+ lumens (i.e.,
vessels lined by cells expressing the endothelial marker CD31) into
the wound area for mice treated with miR-425-5p-modulated sEVs
compared with miR-scrambled-modulated sEVs mice (Figure 6D).

Animals treated with miR-425-5p-modulated sEVs displayed
improved wound re-epithelialization at day 5 compared with control
(Figure 7A). The wound edge and epithelial gap were similar between
animals treated with miR-scramble- and miR-425-5p-modulated
sEVs, indicating no difference in wound contraction over that period
(Figures 7A1 and 7A2). The re-epithelialization percentage (i.e., the
ratio of proliferative front over wound edge) was statistically signifi-
cantly higher in the miR-425-5p-modulated sEV group than in
s

f native and miR-modulated sEVs by skin cells (ECs, fibroblasts, and keratinocytes).

ECs, and fibroblasts were incubated with PKH67-labeled native or miR-425-5p-

etry. Results are mean ± SD (n = 3 biological replicates). Statistical significance was

01. (C) ECs were incubated with PKH67-labeled native or miR-425-modulated sEVs

ization between PKH67-labeled sEVs (green) and LysoTracker red (labeling the en-

asure for each time point (C.3). Results are mean ± SD (n = 3 technical replicates; for

was performed by an unpaired t test, where *p < 0.05 and ***p < 0.0001. Bar cor-



Figure 6. miR-425-5p-modulated sEVs enhanced in vivo healing of type I diabetic chronic wounds by increasing vascularization

(A) Schematic overview of the methodology used to modulate sEVs isolated from umbilical cord blood-derived mononuclear cells with miR-425-5p and evaluate their effect

on wound healing using an STZ-induced diabetes wound healing mouse model. Mice were treated bidaily, topically, with 0.2 mg of sEVs transfected with 4 pmol of miR-425-

5p or miR-scramble. (B) Percentage of wound area after topical treatment with miR-425-5p-modulated sEVs or miR-scramble-modulated sEVs applied onto type I diabetic

chronic wounds. Results are average ±SEM (n = 6mice per group; 12 wounds per group). Statistical analysis was performed by an unpaired t test. (C) Quantification by qRT-

PCR of the expression of miR-425-5p after topical administration of miR-scramble- or miR-425-5p-modulated sEVs. Total RNA was isolated at day 2 and 5 from the wound

area of STZ-induced diabetic mice. Results are mean ± SEM (n = 5 mice for miR-scramble and n = 6 mice for miR-425-5p-modulated sEVs). Statistical analyses were

(legend continued on next page)
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control (Figure 7A3). Next, we evaluated the properties of the epithe-
lial tongue; i.e., the first layer of keratinocytes covering the wound
bed. The epithelial thickness and fluorescence of the advancing
epithelial tongue was significantly larger in animals treated with
miR-425-5p-modulated sEVs than control (Figures 7B1 and 7B2).
Moreover, the proliferative front and proliferative edge area were su-
perior in animals treated with miR-425-5p-modulated sEVs than
control (Figures 7B3 and 7B4). Overall, our results showed that
administration of miR-425-5p-modulated sEVs into the wounds of
STZ-induced diabetic mice enhanced wound healing partially by
accelerating wound vascularization and re-epithelialization.

DISCUSSION
Survival, migration and proliferation of ECs is crucial for tissue regen-
eration in several (patho)physiological contexts. Unfortunately, upon
injury, the local pro-inflammatory and ischemic environment often
hinder EC survival, migration and proliferation, culminating in
poor regeneration and restoration of tissue function.35 Using high-
throughput screening analysis, we identified 25 miRs capable of
enhancing the survival of ECs exposed to ischemia-mimicking condi-
tions (0.1% O2 and growth factors and serum-depleted media). Be-
sides increasing survival, two of the identified miRs (miR-425-5p
and miR-5692c) stimulated EC migration in vitro and one of them
(miR-425-5p; conserved across species) increased the survival of
ECs transplanted in vivo. Moreover, we developed a clinically relevant
strategy, based on themodulation of sEVs withmiR-425-5p (used as a
proof of concept) for in vivo delivery. Finally, we showed that the
delivery of miR-425-5p-modulated sEVs enhanced wound closure
in diabetic mice, compared with the control (miR-scramble-modu-
lated EVs), partially by enhancing wound angiogenesis.

EC survival, rather than EC proliferation or migration, was selected as
the main readout in the high-content screening (HCS) because the
impact of EC survival in tissue regeneration is poorly investigated
and the readout was relatively easy to implement in an HCS assay.
However, it should be noted that biomolecules able to interfere
with EC survival may also affect other EC functions, such as migra-
tion and proliferation. EC survival involves a myriad of different
signaling pathways that activate pro-survival/proliferative cascades
and/or inhibit genes known to negatively regulate survival and/or
proliferation. Previous strategies to increase EC survival included
the use of pro-angiogenic growth factors or proteins36 as well as small
molecules.37 However, given the multifactorial nature of EC survival,
a multitarget approach is likely required to improve cell survival, as
reported in other cell types.38 Therefore, we have used a miR-based
approach to target multiple targets at the same time. Previous studies
reported miRs that have contributed for EC survival, such as miR-
26b,13 miR-148a-3p39 and miR-17.12 However, to the best of our
knowledge, no study has used HCS to identify pro-survival miRs;
i.e., an assay in which the main readout was survival and not EC
performed by a one-way ANOVA followed by a Tukey’s multiple comparison test. **p < 0

per area in excisional wounds at day 5 upon treatment with miR-scramble- or miR-425-

mice for miR-425-5p-modulated sEVs). Statistical analysis was performed by an unpai
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proliferation.13 Therefore, the current study identifies, for the first-
time, pro-survival miRs that may be relevant in the context of endog-
enous tissue regeneration, particularly in ischemic conditions, or to
enhance the survival and/or engraftment of transplanted exogenous
ECs. Importantly, although beyond the topic of this manuscript, we
have also identified miRs that are able to induce a cell death program
in stressed ECs and that may be valuable in other diseases, such as the
ones related to chronic inflammation.35

ECs and endothelial progenitor cells (EPCs) are critical for a suc-
cessful regenerative program in many tissues. In the context of
skin, an adequate vascularization and blood supply is paramount
for the survival and growth of skin tissue after injury. Previously,
we have shown that the transplantation of ECs and EPCs, with
an enhanced survival program, was important for the skin regen-
erative program in a diabetic wound healing animal model.23

Other studies have also confirmed that the transplantation of
ECs, reprogrammed with a pro-survival program, in murine dia-
betic wounds potentiated skin healing.40 In the current study, we
investigated the in vivo pro-survival program of the miR-425-5p
using a Matrigel plug assay. Our results clearly showed that ECs
transfected with miR-425-5p had enhanced survival. In addition,
our results demonstrated that the topical delivery of miR-425-
5p-modulated sEVs in skin diabetic wounds enhanced their heal-
ing through increased neovascularization and re-epithelialization.
Therefore, it is likely that miR-425-5p-modulated sEVs acted
in different skin cells and not only in ECs. Indeed, our in vitro
studies showed that modulated sEVs were readily internalized by
keratinocytes and fibroblasts, besides ECs. Further studies are
necessary to unravel the role of miR-425-5p in other cell types,
such as, for example, immune cells, both in vitro as well as in
vivo. Recently, it has been shown that sEVs isolated from
epidermal stem cells, which contained miR-425-5p as one of the
lumen components, were able to reduce scar formation in rat
skin wound healing by inhibiting the differentiation of dermal fi-
broblasts into myofibroblasts.41

Mechanistically, we showed that both miR-425-5p and miR-5692c
shared a transcriptomic signature that ultimately culminated in
enhanced EC survival in vitro. Our transcriptomic analysis followed
by a validation experiment using siRNAs against the putative targets
of miR-425-5p showed that knockdown of DACH1, PTEN, RGS5 and
VASH1 phenocopied the pro-survival effects of miR-425-5p in ECs.
PTEN inhibition, as mentioned before, is a well-known mechanism
leading to enhanced survival via activation of the AKT signaling
pathway. DACH1 (Dachshund homolog 1) is a transcription factor
previously reported to be involved in coronary artery growth and pro-
tection against cardiac injury.42,43 RGS5 (regulator of G-protein
signaling 5) inhibits signal transduction by increasing the GTPase ac-
tivity of G-protein alpha subunits, thus inactivating them in their
.01, ***p < 0.001, and ****p < 0.0001. (D) Number of vessels (CD31+-positive vessels)

5p-modulated sEVs. Results are mean ± SD (n = 5 mice for miR-scramble and n = 4

red t test. *p < 0.05.



Figure 7. miR-425-5p-modulated sEVs enhanced in vivo healing of type I diabetic chronic wounds by increasing re-epithelialization

(A) Representative immunofluorescence image of a wound treated with miR-425-5p-modulated sEVs at day 5. Blue arrowheads indicate wound edges; orange arrowheads

indicate the tips of the healing epithelial tongue (epithelial gap). The tips of the healing epithelial tongue were identified by the expression of keratin 14 (red). Scale bar

corresponds to 50 mm. (A.1–A.3) Quantification of wound edge (A.1), epithelial gap (A.2), and re-epithelialization (A.3). (B) Representative image of an epithelial tongue; 40�
magnification of the right-side tongue from (A). Epithelial thickness (B.1), epithelial fluorescence intensity (B.2), proliferative front (B.3), and proliferative edge area (B.4) were

calculated on both sides of each lamina based on the expression of keratin 14 (red). Results are mean ± SD (at least n = 4 mice per condition). Statistical analysis was

performed by an unpaired t test. *p < 0.5, **p < 0.01, and ***p < 0.001.
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inactive GDP-bound form. Interestingly, RGS5 is highly expressed in
vessels and its knockdown was shown to activate ECs and modulate
EC mediated inflammation.44 Moreover, it was shown that RGS5,
although not other RGS family members, were induced in hypoxia-
exposed ECs and RGS5 knockdown attenuated apoptosis in ECs.45

VASH1 (tubulinyl-Tyr carboxypeptidase 1) is a tyrosine carboxypep-
tidase that removes the C-terminal tyrosine residue of alpha-tubulin
and thus suppresses angiogenesis in vitro and in vivo.46 Strikingly,
compared withWTmice,VASH1�/�mice lived longer and presented
a milder senescence phenotype, a mechanism partially regulated by
insulin signaling.47 Overall, the putative targets identified have been
previously involved in EC function/activity, but their role as pro-sur-
vival genes in ECs exposed to ischemia-mimicking conditions has not
been described.
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The advantages of using native and engineered sEVs for the in vivo
delivery of therapeutic compounds, in particular miRs, has been
recently discussed by us and others.48,49 The most commonly used
strategy to modify sEVs with a molecule of interest relies on the ge-
netic modification of the secreting cell followed by the isolation of
sEVs from the supernatant. However, the clinical potential of this
approach is rather limited given the risks associated with the genetic
modification procedures (i.e., use of virus to insert the template of
interest into the secreting cell), the low sEV yield, the high costs asso-
ciated with cell culture in good manufacturing practices (GMP) con-
ditions and the batch-to-batch variability. Thus, methods capable of
inserting the same molecule post sEV isolation are much needed.
Recently, we compared the different post-isolation methods reported
in the literature and showed that Exo-Fect, a commercial agent, was
superior to the other methods (electroporation, heat-shock, choles-
terol conjugation, and detergent permeabilization) to modulate
sEVs, regardless of their source, with pre-selected miRs.19 Of note,
we previously used a reporter cell line to evaluate the functional de-
livery of sEVs modulated with miRNAs and Exo-Fect and showed
that Exo-Fect incubated with a selected miR, in the absence of
sEVs, was unable to elicit a functional response, suggesting that the
effects were mediated by the complexation of the miR with the
sEVs and not due to the formation of artifacts between Exo-Fect
and the miR.19 Exo-Fect has previously been used to modulate
sEVs with miRs, followed by in vivo delivery, in the context of
obesity,50 cancer51 and neurosciences.52 However, the current study
is the first to evaluate the topical administration of miR-modulated
sEVs in the context of skin wound healing. It is important to note
that the level of miR enrichment obtained in Exo-Fect-modulated
sEVs is more than 210-fold compared with native sEVs. This enrich-
ment strategy is much higher (25-fold) than the one reported for the
electroporation of sEVs18 that has recently been reported in skin dia-
betic wound healing.

Several advanced interventions have been evaluated in diabetes-
impaired wound healing animal models with variable efficacy, such
as biomaterials, biomolecules (e.g., miRs, mRNA, small molecules),
stem cells, non-cellular products (e.g., sEVs), as well as tissue engi-
neering products. The comparison between the different skin wound
healing studies is far from trivial given the differences in the animal
species (mostly mice and rats), models (high-fat diet, chemically
versus genetically induced diabetic mice), wound type (excisional
versus non-excisional), sEV origin, dose, and delivery route, as well
as approaches to evaluate/quantify healing (wound area based on his-
tological scores or photography, immunohistochemical analysis for
pre-determined parameters, among others). The wound closure re-
sults of our formulation were compared against a US Food and
Drug Administration (FDA)-approved formulation based on
platelet-derived growth factor-NN (PDGFBB), previously reported
by us in the same animal model.32 Our results showed that wounds
treated with a daily dose of PDGFBB (i.e., 8 mg of the growth factor
per cm2 of wound; concentration recommended by the vendor Regra-
nex) had an average size that corresponded to 88% at day 5, and 28%
at day 10, of the initial wound size, while wounds treated with miR-
320 Molecular Therapy: Nucleic Acids Vol. 28 June 2022
425-5p-modulated EVs had an average size that corresponds to
44% at day 5, and 8% at day 10, of the initial wound size. In
addition, the current results compared favorably with the ones ob-
tained recently by us in the same animal model using native
UCBMNC-derived sEVs. In previous results, �50% of the wound
area was opened after 7 days following a bidaily administration
of native sEVs, whereas in wounds treated with miR-425-5p-modu-
lated sEVs, only �25% of the wound area was opened at the same
time point.32 Moreover, the results reported here are promising
compared with the skin healing scores obtained in animals treated
with sEVs from different sources, either enriched or not for specific
biomolecules (Table S12), or from other type of advanced therapies
such as peptide-coated dressings53,54 or injectable microporous gel
scaffolds.55

In conclusion, we developed a platform, based on high-throughput
screening and cellular assays involving ECs exposed to stress condi-
tions, capable of identifying pro-survival miRs. Moreover, after iden-
tifying and validating the role of selected pro-survival miRs in vitro
and in vivo, we develop a platform, based on the modulation of
sEVs with the selected miRs, that has a high clinical potential to
deliver therapeutic cargos in vivo. In addition to modulating the
bioactivity of sEVs, future work will focus on strategies to selectively
target a cell of interest in vivo and novel methodologies to modulate
sEVs with miRs of interest. Moreover, despite the promising results
obtained with miR-425-5p-modulated EVs, further work should be
done to unravel the molecular mechanism of action in vivo.
MATERIALS AND METHODS
Isolation of CD34+ cells from umbilical cord blood

For the collection of human umbilical cord blood, all donors signed
an informed consent form in compliance with Portuguese legislation
and the collection was approved by the ethical committee of Centro
Hospitalar e Universitário de Coimbra (HUC-01-11). Human
CD34+-derived ECs were derived as previously described.23 In brief,
umbilical cord blood was collected, stored, and transported to the lab-
oratory in sterile collection bags containing anticoagulant solution
(citrate-phosphate-dextrose). All samples were processed within 48
h. Mononuclear cells (MNCs) were isolated by density gradient sep-
aration (Lymphoprep, StemCell Technologies SARL, Grenoble,
France) and cryopreserved in a solution consisting of fetal bovine
serum (FBS):Iscove�s Modified Dulbecco�s Medium:DMSO (55:40:5;
% v/v) until further use.
Differentiation of CD34+ cells into ECs

Following isolation, CD34+ cells were seeded onto 1% (w/v) porcine
skin type A gelatin-coated plates at 1 � 105 cells/cm2 in endothelial
growth medium (EGM-2; Lonza, Gaithersburg, MD, USA) supple-
mented with 50 ng/mL VEGF165 (PrepoTech, Rocky Hill, USA)
and 20% (v/v) FBS at 5% CO2 and 37�C. After 15–20 days of culture,
the presence of endothelial markers was confirmed by ICC and flow
cytometry and the functionality of the obtained population assessed
(see Pedroso et al.23 for further details).
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HCS assay: Protocol

CD34+-derived ECs were seeded onto 1% (w/v) porcine skin type A
gelatin-coated 96-well plates (Costar) at 1 � 104 cells/well in
EGM-2 medium without antibiotics and left to adhere overnight.
The next day, cells were transfected with a library of miR mimics
(Dharmacon miRIDIAN miR Library, human mimic miRBase
version 19.0; 2080 miR mimics) according to the manufacturer�s in-
structions. Briefly, complexes of miR:Lipofectamine RNAiMAX
(50 nM miR: 0.3 mL of Lipofectamine final concentration per well)
were prepared in EBM-2 medium and allowed to form for 30 min
at room temperature while gently rocking and then added to the cells.
Transfection was allowed to proceed for 48 h after which mediumwas
replaced by EBM-2 medium containing 1% (v/v) penicillin/strepto-
mycin and plates were transferred to a hypoxia chamber (0.1% O2,
hereafter denoted as ischemic conditions) and cultured for a further
48 h. Per plate, untreated and Lipofectamine-treated cells were used
as a control. The screening was repeated twice using two different
pools of CD34+-derived ECs (each pool consisting of a mixture of
five different donors). After 48 h in ischemic conditions, medium
was discarded, the cell layer was washed twice with PBS (200 mL),
and fixed with 4% (v/v) paraformaldehyde (PFA) at room tempera-
ture. Next, cells were incubated with Hoechst 33342 (1 mg/mL;
Sigma-Aldrich) for 30 min at 37�C and image acquisition was per-
formed immediately (see details below).

HCS assay: Image acquisition and analyses

Image acquisition was performed using an automated high-content
imager (InCell Analyzer 2200; GE Healthcare) at 20�magnification.
A total of eight randomly selected bright-field and fluorescent (nu-
clear staining) images were acquired per well and total nuclear count
was performed using the InCell Investigator (GEHealthcare). AnmiR
was identified as a hit if (1) the total number of cells was higher than
the mean plus two times the standard deviations of the Lipofect-
amine-treated cells. and (2) it was present on both replicates of the
screening. Hereinafter, miRs that met these criteria are referred to
as pro-survival miRs.

HCS assay: Hit validation assays

To confirm the results obtained in the primary screening, we re-tested
the 25miRs identified therein using CD34+-derived ECs and the same
experimental procedures (n = 3 per miR). After confirming the pro-
survival effect of the miRs, we further tested two of them (miR-425-
5p, previously identified as a pro-survival miR, and miR-5692c) using
well-established EC models, namely HUAECs and HUVECs. HU-
VECs and HUAECs were obtained from Lonza and cultured in
EGM-2 medium according to the manufacturer�s instructions.
CD34+-derived ECs, HUVECs, and HUAECs were plated as
described above and three miR concentrations (10, 25, and 50 nM)
were tested in triplicate for their capacity to enhance cell survival in
ischemic conditions. To account for differences in cell numbers we
performed nuclear staining before transferring the plates to the hyp-
oxia chamber and that value was used to calculate the survival per-
centage after culturing the cells in ischemic conditions for 48 h. Image
acquisition and analysis was performed as described above with a
small modification of the original protocol. In brief, the total number
of death cells was calculated based on an image-based segmentation
strategy, whereas condensed nuclei were considered as death cells.

Characterization of transfected ECs: Angiogenesis assay

CD34+-derived ECs were seeded onto 1% (w/v) porcine skin type A
gelatin-coated six-well plates at 2� 105 cells/well in EGM-2 medium
without antibiotics and left to adhere overnight. Transfection was
performed by preparing complexes as described above (25 nM miR
and 6 mL of Lipofectamine RNAiMAX per well). Transfection was al-
lowed to proceed for 48 h, after which cells were harvested with
TripLE express, counted, and 1 � 104 cells were seeded onto Ibidi
m-slides pre-coated with Matrigel (10 mL/well) in EBM-2 medium
(50 mL) containing 1% (v/v) gentamycin according to the man-
ufacturer�s instructions. Cells cultured in EBM-2 medium supple-
mented with VEGF165 (50 ng/mL; PrepoTech, Rocky Hill, USA)
were used as a positive control. The assay was performed in normoxia
as well as in hypoxia (0.1% O2) and after 4 h, a bright-field image
covering the area of the well was acquired as described above. Four
independent wells were analyzed and the number of capillaries was
determined by manually counting the number of completely formed
capillary-like tubes.

Characterization of transfected ECs: Migration assay

CD34+-derived ECs were seeded onto 1% (w/v) porcine skin type A
gelatin-coated 96-well plates (Costar) at 1 � 104 cells/well in
EGM-2 medium without antibiotics and left to adhere overnight.
The following day, cells were transfected with 25 nM miR and trans-
fection was allowed to proceed for 48 hafter which medium was dis-
carded and cells were starved overnight in EBM-2medium alone. The
next day, wounds were created directly onto the 96-well plate by
scratching the surface with a 200-mL pipette tip (Neubauer), the cell
layer was washed with EBM-2 to remove unattached cells and
EBM-2 medium containing 1% (v/v) gentamycin was added to the
wells. Medium containing VEGF165 (50 ng/mL; PrepoTech, Rocky
Hill, USA) was used as positive control. The assay was performed
in normoxia as well as in hypoxia (0.1% O2) and after 24 h, one
bright-field image was acquired as described above. Eight replicates
per experimental conditions were performed and the percentage of
wound area was determined using the following formula: (wound
size after 24 h/wound size at 0 h) � 100.

Characterization of transfected ECs: Western blot analyses

CD34+-derived ECs were seeded onto 1% (w/v) porcine skin type A
gelatin-coated six-well plates at 1.5 � 105 cells/well in EGM-2 me-
dium without antibiotics and left to adhere overnight. Transfection
was performed as described above (25 nM miR and 6 mL of Lipofect-
amine per well) and allowed to proceed for 48 h, after which medium
was removed and cells were washed with room-temperature PBS and
lysed using RIPA buffer supplemented with protease/phosphatase in-
hibitor cocktail (150 mL, #5872, Cell Signaling Technologies). Cell ly-
sates were centrifuged at 14,000 relative centrifugal force (RCF) for
15 min at 4�C and the supernatant was transferred to pre-cooled
tubes and immediately stored at �80�C. Protein quantification was
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performed using Pierce BCA Protein Assay Kit (#23225, Thermo
Fisher Scientific) according to the manufacturer�s instructions. Pro-
tein extracts (30 mg) were resolved in 8%–10% SDS-PAGE gels and
transferred into polyvinylidene difluoride (PVDF) membranes for
90 min at 100 V. Membranes were blocked in 5% (w/v) bovine serum
albumin (BSA) in tris buffered saline containig 2% Tween20 (TBST
(0.2%)) and probed against PTEN (#9559 Cell Signaling Technology),
AKT (#4691 Cell Signaling Technology), phosphorylated (Ser473)-
AKT (#4060 Cell Signaling Technology), ERK1/2 (#4695 Cell
Signaling Technology), phosphorylated (Thr202/Tyr204)-ERK1/2
(#4376 Cell Signaling Technology), and VE-cadherin (#sc-8999,
Santa Cruz). Unless otherwise stated, all antibodies were used at a
final dilution of 1:1,000 and incubated at 4�C overnight. Membranes
were then incubated with secondary peroxidase-conjugated anti-
bodies (1:10,000) for 1 h at room temperature. The specific detection
of probed proteins was achieved by a chemiluminescence reaction us-
ing WesternBright Quantum HRP substrate (Advansta) according to
the manufacturer�s instructions.

Characterization of transfected ECs: RNA-seq analyses

CD34+-derived ECs were transfected as described above. In brief,
CD34+-derived ECs (1.5 � 105 cells/well) were plated onto a six-
well plate in triplicate and transfected with 25 nM of miR-425-5p
or miR-5692c using Lipofectamine RNAiMAX (6 mL per well). Trans-
fection was allowed to proceed for 48 h after which total RNAwas iso-
lated using the RNeasy kit (Qiagen) according to the manufacturer�s
instructions. RNA-seq was performed using the BGISEQ-500 plat-
form (BGI, Hong Kong). In brief, RNA quantification was performed
using a NanoDrop and the integrity was determined using the Bio-
analyzer 2100 (Agilent). After quality control assessment, oligo
(dT) magnetic beads were used to select mRNA with poly(A) tail
and mRNA was sheared and reverse transcribed using random
primers to obtain cDNA, which was used for library construction
and subsequent sequencing. All the generated raw sequencing reads
were filtered to remove reads with adaptors, reads in which unknown
bases were more than 10% of the total, and low-quality reads. Clean
reads were then obtained and stored as FASTQ format. Bowtie2 was
used to map clean reads to the reference gene and HISAT was used to
map to the reference genome. RSEM was used to quantify gene
expression, and the normalized value of FPKM was used to calculate
the expression level of each gene. Subsequently, the NOISeq method
was used to calculate which genes were differentially expressed in our
samples, and the results were presented as log2 FC between control
and treatment. Heatmaps show centered and scaled log(FPKM +1)
values for genes differentially expressed between miR-425-5p and
miR-5692c and respective control (Lipofectamine-treated cells). For
PCA, features were centered and scaled and the amount of variance
of the first two components was plotted.

Characterization of transfected ECs: miR target validation by

RT-PCR

Total RNA from miR-modulated CD34+-derived ECs was extracted
using the RNeasy kit (Qiagen, Hilden, Germany) according to the
manufacturer�s instructions. For the quantification of gene expression,
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total RNA was reverse transcribed using hexameric random primers
and TaqMan reverse transcription reagents (Applied Biosystems, CA,
USA). qRT-PCR for the putative miR target genes was performed us-
ing POWER SYBR Green PCRMaster Mix (Applied Biosystems) and
the detection was carried out in a 7500 Fast Real-time PCR System
(Applied Biosystems). The housekeeping gene GAPDH was used
for normalization, and FCs were determined using the 2-DDCt

method.56 Primer sequences are included in Table S1.
Characterization of miR-modulated ECs: ICC

For ICC, CD34+-derived ECs were transfected with 25 nM miR and
48 h after transfection, cells were fixed with 4% (v/v) PFA for
15 min at room temperature and ICC staining was performed accord-
ing to the antibody provider instructions. Briefly, VE-cadherin stain-
ing was performed after fixation, permeabilization with 0.1% (v/v)
TritonX-100 and blocking with 3% (v/v) BSA for 1 h. Next, cells
were incubated for 2 h at room temperature with the primary anti-
body for VE-cadherin (1:250; sc-9989, Santa Cruz Biotechnology),
washed with PBS and incubated with the secondary antibody
(1:500; AlexaFluor555 goat anti-mouse) for 1 h at room temperature.
Nuclei were stained with Hoechst 33342 (1 mg/mL; Invitrogen) and
images were acquired using the high-content imager as described
above.
Characterization of miR-modulated ECs: In vivomurine Matrigel

plug assay

This study was performed in compliance with Dutch government
guidelines and Directive 2010/63/EU of the European Parliament.
The animal experiment was approved by the animal welfare commit-
tee of the Leiden University Medical Center (approval reference
number 116002016645). For the isolation of HUVECs, anonymous
umbilical cords were obtained in accordance with guidelines set out
by the Code for Proper Secondary Use of Human Tissue of the Dutch
Federation of Biomedical Scientific Societies (Federa) and conform-
ing to the principles outlined in the Declaration of Helsinki. Isolation
and culturing of HUVECs was performed as previously described.57

In brief, 3 � 106 HUVECs were seeded in 0.2% (w/v) gelatin (Sigma
G1890)-pre-coated T75 flasks and grown in complete culture me-
dium (EGM-2, Lonza) until they reached 80% confluence.
HUVECs were transfected with Lipofectamine RNAimax (Thermo
Fisher Scientific, 13778) and 25 nM miR-425-5p or miR-scramble
(Qiagen, YM00471725-ADA and YM00479902) in EBM-2 medium
(Lonza) according to the manufacturer�s instructions. After 24 h, total
RNA was isolated using the standard Trizol-chloroform extraction
method and subsequently RNA was reverse transcribed using a
high-capacity RNA to cDNA kit (Thermo Fisher Scientific). Transfec-
tion efficiency was analyzed 24 h after transfection by qRT-PCR using
commercially available primers for miR-425-5p and U6 snRNA
(Thermo Fisher Scientific, 001516 and 001973). For the in vivoMatri-
gel plug assay, HUVECs were transfected for 48 h, upon which the
transfection medium was discarded and cells were washed with
PBS, detached from the culture flask using trypsin-EDTA and
counted.
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Matrigel plugs for the in vivo study were prepared as follows: growth-
factor-reduced Matrigel (BD Biosciences, 356231), in liquid form at
4�C, was mixed with 2 � 106 HUVECs transfected with miR-425-5p
or miR-scramble in a final volume of 350 mL/plug. All the plugs were
supplemented with recombinant human VEGF165 (100 ng/mL;
BioLegend, 583704).

In vivo EC survival was assessed in 11-week-old female immunocom-
promised Cby/cBy.Cg-fox1<nu mice (Charles River). Mice were anes-
thetized with isoflurane (induction 3.5%, maintenance 1.5%) and
Matrigel plugs were injected into the subcutaneous space on the dor-
sal side of mice on both flanks (n = 5 mice/group, two plugs per
mouse). At day 3, mice were euthanized via exsanguination, Matrigel
plugs were removed, cut in half, and one-half was immediately snap
frozen and stored at �80�C for immunohistochemical analysis (see
details below), whereas the other half was weighed and stored in
ice-cold cell recovery solution (Fisher Scientific, 354253). Single-cell
suspensions were prepared by incubating the plugs for 2 h in the
cell recovery solution at 4�C followed by mincing the plugs through
a 40-mm cell strainer (BD Biosciences). Conjugated monoclonal anti-
bodies to human CD31 (PECAM) brilliant violet 421 (303123),
human CD144 (VE-cadherin) APC (348507), human CD105 (Endo-
glin) PE (323205), and Annexin V PE/Cyanine7 (640949), all ac-
quired from BioLegend, were used to label the cells. Flow cytometry
acquisition was performed on a BD LSR II flow cytometer (BD Bio-
sciences). Data was analyzed using FlowJo V10.1 software (BD).
Flow cytometry gating strategies with fluorescence minus one
(FMO) controls (on single HUVECs) are shown in Figure S8B.

Characterization of miR-modulated ECs:

Immunohistochemistry and quantification of CD31+ cells in

Matrigel plugs

Per plug, 5-mmfrozen sections (five sectionsperMatrigel plugwith a 30-
mmdistance between the sections) were fixed with ice-cold acetone and
incubatedwith rat anti-humanCD31 (1:100; Brilliant Violet 421; 03123
BioLegend) and the nuclear stain Oxazole yellow (1: 31000; SML-1792;
Sigma).As a control, isotype antibody (Ig1,kBioLegend)wasused.After
overnight incubation, the sections were mounted with prolong Gold
(Thermo Fisher). Per Matrigel plug, three pictures were taken with
the confocal laser scannermicroscope (Zeiss LSM700) and the percent-
age of CD31+ area/plug was quantified using FIJI ImageJ.

PTEN 30 UTR luciferase assay

A plasmid containing the PTEN 30 UTR with the predicted seed se-
quences for both miR-425-5p and miR-5692c and luciferase assay re-
agents were purchased from Active Motif. HeLa cells were seeded
into 96-well plates at 7,500 cells/well inDulbecco’smodifiedEagle’sme-
dium (DMEM) supplemented with 10% (v/v) FBS. The following day,
cells were co-transfected with 12.5 ng of 3’UTR PTEN plasmid and
25 nM miR using Lipofectamine 2000 (ratio of 1:1:2 per well, respec-
tively). After 24 h, medium was discarded and DMEM supplemented
with 10% FBS was added to the wells. Luciferase assay was performed
according to manufacturer’s instructions. Luciferase signal was
measured using a luminometer.
Isolation of sEVs

hUCBMNCs, isolated and stored as described above, were thawed in
warm X-VIVO medium and immediately treated with DNAse I to
degrade DNA arising from death cells (due to the freeze-thawing pro-
cess). Subsequently, cells were centrifuged at 300 � g for 5 min and
2� 106 cells/mL were cultured in X-VIVO 15 serum-free cell-culture
medium (Lonza) supplemented with 100 ng/mL Flt-3 and 100 ng/mL
stem cell factor (both from PeproTech) under hypoxia conditions
(0.5% O2) for 18 h. sEVs were purified from the conditioned medium
(CM) by differential centrifugation as previously described.58 In brief,
CM was collected and centrifuged at 300 � g, for 10 min at 4�C to
remove cells, followed by a centrifugation at 2,000 � g for 20 min
at 4�C to deplete cellular debris. Subsequently, samples were ultracen-
trifuged twice at 10,000 � g for 30 min at 4�C, the pellet was dis-
carded, and the supernatant was submitted to an ultracentrifugation
at 100,000� g, for 2 h at 4�C to pellet sEVs. Finally, the pellet from the
last step was washed with cold PBS, ultracentrifuged again at
100,000 � g for 2 h at 4�C, resuspended in 150 mL of cold PBS, and
stored at �80�C. Ultracentrifugation steps were performed using a
swinging bucket rotor SW 32 Ti in an Optima XPN 100K ultracentri-
fuge (Beckman Coulter, CA, USA) and 28.7-mL polyallomer conical
tubes (Beckman Coulter).

sEV characterization: NTA

Size and concentration of sEVs were assessed through NTA using the
NanoSight NS300 (Malvern Instruments, Malvern, UK). The system
used an O-ring top plate and the sample was injected manually at an
approximate flow of 1 mL every 20 s. sEVs were diluted in PBS until a
concentration between 15 and 45 particles per frame was reached. For
each sample, five videos of 30 s were recorded with the camera level
set at 16. All the videos were processed with NTA 3.2 analytical soft-
ware, using the software threshold between 2 and 4 depending on the
quality of the videos.

sEV characterization: Protein quantification

sEV protein quantification was performed using the microBCA pro-
tein assay kit (Thermo Fisher Scientific, MA, USA), as per the man-
ufacturer’s instructions. Briefly, BSA was used to obtain a 10-point
standard curve. Then, sEV samples were diluted 22 times in 2% (v/
v) sodium dodecyl sulphate (SDS) to disrupt the sEV membrane
and subsequently, 50 mL of the previous mix was pipetted, in dupli-
cate, into a 96-well Corning Costar cell-culture plate (Corning, New
York, USA). The reaction solution provided in the kit was added
and incubated for 2 h at 37�C. Next, the plates were equilibrated at
room temperature for 15 min and the absorbance at 562 nm was
read in the microplate reader Synergy H1 (BioTek, VT, USA).

sEV characterization: TEM analyses

TEM analysis of sEVs was performed as previously described.58

Briefly, samples were diluted 1:1 in 4% (v/v) PFA and placed on For-
mvar-carbon coated grids (TAAB Technologies) for 20 min at room
temperature. After washing four times with PBS, grids were placed on
a drop of 1% (v/v) glutaraldehyde for 5 min, followed by five washes
with distilled water, 1 min each. In a dark environment, grids were
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incubated with uranyl-oxalate solution, pH 7, for 5 min, and then
placed on ice in contact with a solution of methyl cellulose (9:1) for
10 min. sEVs were imaged by a Tecnai G2 Spirit BioTWIN electron
microscope (FEI Company) at 80 kV.

sEV characterization: Dynamic light scattering (DLS) analyses

Dynamic light scattering (DLS) measurements were done on a Zeta-
sizer Nano ZS (Malvern). The sample was pre-equilibrated at 37�C
for at least 60 s and each measurement was the average of 11 runs.
Three consecutive measurements were performed for each sample
to evaluate its stability. The results were analyzed by the equipment
software considering the viscosity and refractive index of water at
the measurement temperature and a refractive index of 1.59 for the
scattering particles. The average size was taken from the analysis in
volume distribution of particles.

sEV characterization: PALS

NanoBrook ZetaPALS Potential Analyzer (Brookhaven Instruments,
Long Island, USA) was used for sEV surface charge measurement.
Briefly, 5 mL of purified sEVs was diluted in 1500 mL of biological-
grade ultrapure water (Fisher Scientific, NH, USA) and filtered twice
through a 0.2-mm filter. sEVs were then placed in a disposable poly-
styrene cuvette and the electrode was immersed within the cuvette.
Each sample was measured five times (using Smoluchowski module)
at room temperature.

Modulation of sEVs with miR-425-5p or miR-scramble

Modulation of sEVs was accomplished using Exo-Fect according to
the manufacturer�s instructions. In brief, sEVs (29 mg of protein,
equivalent to �6 � 1010 particles) were incubated with Exo-Fect
and 694 pmol miR-425-5p or miR-scramble for 10 min at 37�C.
Assuming an 83% transfection efficiency,19 the sEVs were modulated
with a total of 576 pmol of miR-425-5p and miR-scramble, resulting
in a total of 20 pmol of miR per 1 mg of sEVs. Modulated sEVs were
aliquoted in individual tubes and stored at �80�C until further use.

Evaluation of miR-425-5p expression of modulated sEVs

To evaluate miR expression in sEVs upon modulation, total RNA was
extracted using the RNeasy Micro Kit (#74004 Qiagen) as per the
manufacturer�s instructions. cDNA was synthesized for each sample
from the amount of RNA extracted from 210 sEVs using the Mir-X
miR First-Strand Synthesis Kit (#638313, Takara) and and andqPCR
was performed on the CFX Connect Real-Time System (Bio-Rad) us-
ing the NZYSpeedy qPCR Green Master Mix (2x) (#MB224, Nzy-
tech). The universal 30 mRQ primer (Takara) reverse primer was
used and the forward primer sequence for miR-425-5p was: 50-AAUG
ACACGAUCACUCCCGUUGA-30.

Labeling and loading of sEVs for uptake and intracellular

trafficking analysis

sEVs were labeled with PKH67 (Sigma-Aldrich) according to the
manufacture’ instructions. Briefly, sEVs were diluted at 1:1 rate in
the kit’s buffer (diluent C) and PKH67 was diluted 1:5 (100 mL) in
diluent C. The diluted sEVs and PKH67 were mixed and then incu-
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bated for 3 min at room temperature. Finally, the labeled sEVs
were purified by ultracentrifugation at 100,000 � g for 2h at 4�C
and the pellet containing labeled sEVs was resuspended in 100 mL
of PBS. Afterward, the labeled sEVs were loaded with miR-425-5p
as described above. Briefly, 1010 particles were mixed with 200
pmol of miR-425-5p in 10 mL of Exo-Fect (in a final volume of
150 mL) and incubated for 10 min at 37�C. To purify the sample,
ExoQuick was added in a proportion of 1:5 (v/v) and incubated for
30 min at 4�C. Finally, the sEVs were centrifuged at 13,000 rpm for
3 min, the supernatant discarded and the pellet resuspended in 1�
PBS to a final concentration of 1.5 � 109 part/mL loaded with
20 nM of miR-425-5p.

sEVs uptake assay

CD34+-derived ECs (3 � 104 cells/well), fibroblasts (1.4 � 104 cells/
well), and keratinocytes (6 � 104 cells/well) were seeded onto a
48-well plate and left to adhere overnight. Afterward, the cells were
incubated with labeled native or miR-425-5p-modulated sEVs for 2,
4, and 24 h in EGM-2 Exo-depleted medium. To prepare Exo-
depleted medium, EBM-2 (Lonza) medium supplemented with 2%
(v/v) FBS was centrifuged at 100,000 � g for 18 h at 4�C and the su-
pernatant was supplemented with the required growth factors and
used for further experiments. At each time point, the cells were
washed with PBS, detached with 0.1% (v/v) trypsin for 3 min, and
centrifuged at 300 � g for 3 min at room temperature, followed by
5-min incubation with 0.4% (v/v) Trypan blue (Lonza). Lastly, the
cells were centrifuged at 300 � g for 3 min at room temperature, re-
suspended in PBS and the fluorescence was quantified by flow cytom-
etry (BD Accuri C6 Plus).

Intracellular trafficking of sEVs

CD34+-derived ECs were seeded onto an Ibidi m-slide angiogenesis
plate at a density of 1 � 104 cells/well and left to adhere overnight.
The following day, cells were incubated with PKH67-labeled sEVs
(1.5� 109 particles/mL) or PKH-labeled and miR-425-5p-modulated
sEVs (1.5� 109 particles/mL with 200 pmol of miR-425-5p) for 4 and
24 h in EGM-2 (Lonza) Exo-depleted medium. After incubation, cells
were washed, incubated with 100 nM LysoTracker red DND-99 (In-
vitrogen) for 30 min at 37�C in cell-culture medium and fixed with
4% (v/v) PFA. Next, the cell membrane was stained with mouse
anti-human CD31 (1:50, Dako) for 1 h at room temperature followed
by incubation with Alexa Fluor633 anti-mouse (1:1,000, Invitrogen)
for 1 h at room temperature. Nuclei were stained with 1 mg/mL
DAPI and the cells were analyzed using a Zeiss LSM 710 confocal
scanning equipment with the excitation wavelengths of 405, 488
and 633 nm, and image acquisition was performed with Plan-Apo-
chromat 40�/1.4 oil immersion objective. The images were analyzed
with ImageJ software.

In vivo testing: Diabetic wound healing mouse model

All the experiments were performed in accordance with the European
Community law for experimental animal studies (86/609/CEE and
2007/526/CE) and approved by the Institutional and Governmental
Research Ethical Board. C57BL/6J mice (male, 8 weeks) purchased
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from Charles River (Barcelona, Spain) were injected with 50 mg/kg of
STZ (Sigma-Aldrich, Sintra, Portugal) in citrate buffer (0.1 M), intra-
peritoneally (i.p.), for five consecutive days to induce diabetes. Seven
days after the STZ injection, blood glucose was measured using an
Accu-Check Advantage glucometer (Roche, Amadora, Portugal), to
confirm the diabetic state. Mice with blood glucose level above
250 mg/dL were considered diabetic. The animals were treated with
0.1–0.2 units of neutral protamine hagedorn (NPH) insulin, subcuta-
neously (s.c.), as needed, to avoid weight loss. The animals were kept
diabetic for 6 weeks prior to the wound healing experiments. On the
day of the experiment, mice were anesthetized with ketamine
(100 mg/kg) and xylazine (10 mg/kg), i.p. After removing the hair
from the back of the mice, two 6-mm full-thickness excisional
wounds were biopsied and the wound area was traced every day
onto acetate paper to follow the rate of wound closure up to
10 days post wounding. The wound size was determined with the Im-
ageJ software (NIH) and results were presented as the percentage of
original wound (day 0). In one case, immediately after wound induc-
tion, the wounds were treated with a complex of Lipofectamine
RNAiMAX and 200 pmol miR-425-5p or miR-scramble in a final vol-
ume of 60 mL (four intradermal injections of 15 mL were applied at
equidistant locations around the wound). PBS-treated wounds were
used as a control. Additionally, sEVs were transfected with miR-
425-5p or miR-scramble (see details above) and twice a day, 0.1 mg
of sEVs transfected with 2 pmol miR-425-5p or miR-scramble were
topically administered onto the wound (daily, 0.2 mg of sEVs and 4
pmol of miR-425-5p or miR-scramble). Animals were sacrificed after
10 days and samples immediately processed as described below. To
study the mechanism of action of miR-425-5p in vivo, sEVs were
transfected with miR-425-5p or miR-scramble using Exo-Fect (see
details above) and, twice a day, 0.1 mg of sEVs transfected with 2
pmol of miR-425-5p or miR-scramble were topically administered
onto the wound. Animals were sacrificed at day 2 and day 5 (after
2 days, 0.4 mg of sEVs and 8 pmol of miR-425-5p or miR-scramble;
after 5 days, 1 mg of sEVs and 20 pmol of miR-425-5p or miR-
scramble) and samples were immediately processed as described
below.

In vivo testing: Immunohistochemical analysis

Following euthanasia at the selected time points, the wound tissue was
excised together with the surrounding tissue and fixed in 10% (v/v)
formalin (Sigma) for 24 h at 4�C. After 24 h, samples were embedded
and frozen in blocks filled with cold optimal cutting temperature
(OCT) compound and then cut into 9-mm-thick tissue sections. Sec-
tions were stained with anti-CD31 (ab28364; Abcam), keratin 14
(#905301; BioLegend), and keratin 5 (#905901; BioLegend)
antibodies.

For CD31 staining, antigen retrieval was performed for 20 min using
the citrate buffer at pH 6 at 97�C, blocked for 1 h with 5% (v/v) BSA,
and then incubated overnight with rabbit anti-CD31 primary anti-
body (1:30) at 4�C. Samples were thoroughly washed with PBS and
incubated for 1 h with the goat anti-rabbit Cy3 secondary antibody
(Jackson ImmunoResearch; 1:300). Cell nuclei were counterstained
DAPI (1 mg/mL). For quantification, CD31-stained vessels from
five hotspots per wound were quantified and at least four wounds
per experimental group were analyzed.

For keratin staining, sections were permeabilized for 10 min with
0.2% (v/v) Triton X, blocked for 1 h with 5% (v/v) BSA, and incubated
overnight with rabbit anti-keratin 14 (1:1,000) and chicken anti-ker-
atin 5 (1:200) primary antibodies at 4�C. Samples were thoroughly
washed with PBS and incubated for 1 h with the secondary antibody
goat anti-rabbit Cy3 (1:800) and goat anti-chicken Alexa488 (1:500).
Cell nuclei were counterstained with DAPI (1 mg/mL). Images were
analyzed using the InCell Bioanalyzer 2200 and, based on the keratin
staining, the following parameters were assessed: wound edge (panni-
culus carnosus muscle gap), epithelial gap (distance between the
epithelial tongues), re-epithelialization percentage (ratio of prolifera-
tive front over wound edge), and epidermal thickness (average thick-
ness of the leading epithelial tongue from both ends).
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